Nectar samples were collected from Silene colorata Poiret (Caryophyllaceae), in three different populations from south-western Spain: Zahara de la Sierra (Cádiz), Bornos (Cádiz) and Bormujos (Seville). Samples were analysed for amino acids by reverse-phase high-performance liquid chromatography with precolumn phenylisotiocyanate (PITC) derivatization. The method has the advantage of being highly sensitive, capable of detecting nanogram (ng) quantities of amino acids. Eighteen amino acids were identified and quantified. The mean number of amino acids in a nectar sample was 14 (SD = 2.8). Six amino acids (threonine, alanine, arginine, proline, tyrosine and methionine) were detected in all samples, accounting for 83% of the total amino acids content; proline and arginine were the most abundant amino acids, accounting for 40% and 20% of the total amino acids, respectively. The mean amounts of amino acids in nectar samples per population were 824, 782 and 356 μ M in Zahara de la Sierra, Bornos and Bormujos, respectively. Environmental variations such as temperature and sunlight are factors influencing the metabolic processes of nectar production. Our results may contradict the theory that the chemical constituents of floral nectar vary according to the kinds of pollinators.
INTRODUCTION
Floral nectar is a nutrient-rich solution that is offered by plants to pollinators (Simpson & Neff, 1983) . The chemical content of nectar includes sugars, amino acids, lipids, phenols and antioxidants (Baker & Baker, 1983) . The amino acid complement, or the individual amino acids that occur in floral nectar, is generally constant within a species (Baker & Baker, 1977 , 1986 . The overall concentration of amino acids differs among species and is related to the principal pollinator (Baker & Baker, 1973 , 1986 . In general, the amino acid concentration is lower if the principal pollinator has alternate sources of amino acids in its diet. For example, nectar from species pollinated by butterflies, which do not have other sources of amino acids in their diet, has relatively high amino acid concentrations (Baker & Baker, 1983 , 1986 .
Nectar production and concentration can be subjected to considerable fluctuations as the result of sometimes subtle changes in the environment, such as wind, temperature, relative humidity, cloudiness, soil moisture, or the position of the flower in the plant, and pollinator activity (Belmonte et al ., 1994; Bertsch, 1983; Hiebert & Calder, 1983; Pleasants, 1983; Devlin & Stephensen, 1985; Wilsen & Ågren, 1989; Gillespie & Henwood, 1994; Torres & Galetto, 1998) . Therefore, nectar concentration can also fluctuate to some degree, making it difficult for the flower ecologist to collect comparable nectar samples between and within species. Amino acids in nectar can influence insect behaviour: in feeding trials some ants, butterflies, flies and honey bees prefer artificial nectars that contain both amino acids and sugars to artificial nectars with only sugar (Lanza, 1988; Lanza et al ., 1993) . Hence, amino acids make nectar more attractive to certain insects.
Silene colorata Poiret (Caryophyllaceae) is a hermaphrodite annual plant, which shows a nocturnal anthesis period. It normally grows in arable lands and its flowering and fructing period ranges from January to June (Valdés et al ., 1987) . As a consequence of marked protandry, coexistence of both sexes in the same flower is rare. Floral nectar produced by Silene colorata attracts nocturnal and diurnal insects (J.L.
García-Castaño, pers. observ.), the nocturnal ones being the most efficient.
The objectives of this study were (1) to determine whether nectar from Silene colorata contains amino acids, (2) to identify and quantify the individual amino acids if present, and (3) in the flowering season. We collected, but kept separate, samples from flowers protected from insect visits by fine mesh nylon bags. Individual samples were taken with 5 μ L calibrated glass pipettes. An aspirator tube was utilized to retrieve all the floral nectar. Precautions were taken to avoid possible contamination with pollen, which can release free amino acids in solution (Erhardt & Baker, 1990) . At the time of collection, samples were sealed with a portable torch (Microflame Cub), coded and quick-frozen in an ice bath. Each nectar sample was placed in a clean, glass vial; and stored at − 20 ° C.
A NALYSIS
The amino acid content of the nectar samples was determined using reverse-phase high performance liquid chromatography (HPLC) with precolumn phenylisothiocyanate (PITC) derivatization. This method has the advantage of being highly sensitive, capable of detecting nanogram (ng) amounts of amino acids.
The HPLC system used consisted of LC Module I Plus from Waters (Miliford, MA, USA). Each samplecontaining vial was removed from the freezer and placed in 10,000 μ L of water purified with Mili-Q water purification system. Nectar samples and amino acid standards were derivatized as described by Heinrikson and Meredith (1984) . Each 75 μ L nectar sample was mixed with 60 μ L of coupling buffer (ethanol:triethylamine:PICT: H 2 O, 7:1:1:1). After 30 min incubation at room temperature, the solution was evaporated to dryness by rotary evaporation under vacuum. The resulting PTC-amino acids were dissolved in 60 μ L water:acetonitrile (7:2) solution. Amino acids standards were obtained from Sigma (St Louis, MO, USA) and processed as nectar samples. Quantities of 5-25 μ L were analysed by reverse-phase HPLC in a 3.9 × 300 mm Picotaq column from Waters, and detected by absorbance at 254 nm. Separation of amino acids was performed at 46 ° C for 35 min at 1.5 mL min − 1 using a gradient form 100% solvent A (sodium acetate 70 m M , pH 6.55, 2.5% (v/v) acetonitrile) to 100% solvent B (50% acetonitrile), using the standard gradient curve no.7 from the Millenium software (Waters). Solvents were degassed using a stream of He.
S TATISTICAL ANALYSIS
In order to examine differences among populations for different amino acid contents in Silene colorata nectar we applied a GLM analysis. The population and the amino acid type were evaluated as single and interacting fixed effects; the sample (nested within population) was considered as a random block effect and was evaluated using the Restricted Maximum Likelihood Method (REML). A post-hoc Tukey-Kramer honestly significant difference (HSD) test was applied to detect differences amongst populations and amino acid types; we considered significant differences at a 5% confidence level. Statistical analyses were carried out with JMP 4.0.1 (SAS Institute Inc.).
RESULTS
Eighteen amino acids were identified and quantified. Amino acids were detected in all 15 nectar samples that were collected. The mean number of amino acids found in a given nectar sample was 14 (SD = 2.8). The GLM applied was significant ( F 65,204 = 10.08, P < 0.0001, R 2 = 0.6911).
Threonine, alanine, arginine, proline, tyrosine and methionine were very common in all samples, but other amino acids such as histidine, valine, cysteine, phenylalanine and lysine were rare (Fig. 2) . Six amino acids account for 83% of the total amino acids content, and proline and arginine were the most abundant at 40% and 20%, respectively, of the total amino acids ( F 17.204 = 30.5, P < 0.0001). Amounts of the different amino acids present in nectars varied, with means ranging from 4.7 μ M for phenylalanine to 264 μ M for proline ( Table 2 ). The mean total amounts of amino acids in nectar samples per population were 824 μ M in population I, 782 μ M in population II, and 356 μ M in population III ( F 2,12 = 2.39, P = 0.1342; Fig. 3 ).
Plotting the mean amount of each amino acid per population (Fig. 4) revealed that populations I and II contained higher quantities of the three most abundant amino acids (proline, arginine and tyrosine) than population III ( F 34,204 = 2.47, P < 0.0001). Cysteine is the only amino acid present in higher concentrations in population III (Fig. 2) .
DISCUSSION
Some amino acids are more beneficial to certain insects than others and their presence in nectar may attract insects. Arginine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, threonine and valine are essential nutrients for many insects (Dadd, 1973) . Of these, arginine, proline, methionine, and threonine were commonly present in carmine catchfly nectar. While not essential, other amino acids (e.g. alanine and glycine) do increase insect growth and commonly occurred in carmine catchfly nectar.
In addition to the nutritional benefit, amino acids also affect insect behaviour. Proline stimulates salt receptor cells and methionine and valine stimulate sugar receptors in flies (Shiraishi & Kuwabara, 1970) . Methionine and histidine elicit a feeding response in Phormia regina, while glycine and serine invoke an extension of the proboscis (Goldrich, 1973) . Mukwaya (1986) showed that low concentrations of amino acids coupled with sucrose had a synergistic effect on P. regina, causing a stimulation of receptors and eliciting a feeding response.
On the other hand, Mevi-Schütz and Erhardt (2005) confirmed that nectar amino acids serve to improve reproductive success of map butterflies under suboptimal larval conditions. Therefore, nectar amino acids should be recognized as essential resources affecting butterfly fecundity and butterfly populations.
Many species of Silene attract more nocturnal than diurnal pollinators (Jurgens, Witt & Gottsberger, 2002; Young, 2002) . Jurgens et al. (2002) found a general floral scent compound trend in 13 Silene species that is typical of moth-pollinated flowers comprising acyclic terpene alcohols, aromatic alcohols (benzyl alcohol, 2-phenylethanol) and esters derived from them, as well as small quantitites of nitrogencontaining compounds. Additionally, many Silene species show nystinastic movements that make their flowers conspicuous only at night. In spite of this, many species in the genus Silene, including S. dioica, S. vulgaris and S. nutans (Jurgens, Witt & Gottsberger, 1996) are pollinated by both diurnal and nocturnal insects. In the case of S. colorata we found that diurnal pollinators (flies, bombylids, bees and diurnal butterflies) are more abundant than nocturnal ones (moths), but that the latter are more efficient (J.L. García-Castaño, pers. observ.).
Generally, our results agree with those of Baker and Baker (1986) , who identify proline, arginine, threonine and alanine as the most abundant amino acids in nectar, and who use the high concentration of amino acids (a score between 3.5 and 10 in histidine scale) in the Caryophyllaceae family as relatively ′primitive′ character.
In addition, the amino acids quantities found by Gardener and Gillman (2001) in S. dioica are very similar to the results found for population III (580 μM total volume). Nevertheless, we can conclude that our values for population I (Fig. 3) are higher than the score of 3 in a histidine scale (≈195 μM) found by Herrera (1989) for S. colorata from Sierra de Cádiz (southeast Spain). However, the disparity may be explained by the low sensitivity of the paper chromatography assay method of Herrera.
The higher content of proline found in the present study is not in agreement with the findings of Gottsberger, Schrauwen and Linskens (1984) , who do not believe that this amino acid can occur in nectar at a concentration above 5 μM, except with contamination of the nectar. Nevertheless, proline is a common constituent of vegetative parts of plants as well as pollen, and it is very soluble in water; furthermore, Baker and Baker (1976) found relatively high concentrations of proline in nectars of female flowers of diocious species in S. alba without contamination by pollen.
The results obtained for floral nectar of S. colorata by population reveals a clear influence of climate on the quantity and quality of amino acids in the nectar (Fig. 3) . Populations I and II, which grow in a cooler climate, produced more than double the total amount of amino acids produced by plants from population III, which grow in a warmer climate (Table 1) . This difference at the population level is in agreement with the results found by Lanza et al. (1995) , who found variation in nectar amount and composition at both the individual plant and population levels.
The environmental variations in temperature and sunlight, for example, are factors that will influence the metabolic processes of nectar production and may lead to changes in overall concentration of the nectar components.
Physiological processes such as water relations may influence concentration at the production stage, and evaporation may influence concentration afterwards. Longer-term environmental variables operating within a growing season, such as soil nutrients (Gardener & Gillman, 2001) and CO 2 (Rusterholz & Erhardt, 1998) , are more likely to alter nectar composition by a variety of mechanisms, e.g. altered metabolite availability and concentration, and altered growth of plant tissues.
CONCLUSIONS
We conclude that the chemical constituents of Silene colorata floral nectar may not vary according to the kinds of pollinators attracted to its flowers. This finding contrasts with the results obtained by Baker & Baker (1973 , 1975 , 1983 , 1986 , but agrees with the findings of Gottsberger et al. (1984) . It may be necessary to study the qualitative and quantitative patterns of nectar chemical constituents during a specific period of anthesis, and taking into account the different environmental conditions to obtain satisfying results.
